Unique precipitates with novel structures have been found in melt-quenched (MQ) Mg 98 Cu 1 Gd 1 alloys by transmission electron microscopy (TEM). Amorphous spherical particles with 50-200 nm sizes are uniformly embedded in Mg grains of an MQ Mg 98 Cu 1 Gd 1 alloy prepared with a relatively higher cooling rate. So-called LAL precipitates, which consist of an amorphous core sandwiched by long period stacking (LPS) phase, are formed in an MQ Mg 98 Cu 1 Gd 1 alloy prepared with a lower cooling rate. TEM observations show that LAL precipitates transform into LPS phases by annealing above 450 K. DSC results show that amorphous cores in LAL particles and amorphous particles crystallize at around 450 K, and partial melting of the LPS phase occurs at around 710 K prior to the melting of the Mg matrix. The composition of amorphous particles is 68 at%Mg, 26 at%Cu and 6 at%Gd, which is close to that having the highest glass forming ability (Mg 65 Cu 25 Gd 10 ). Limited solubility of Cu and Gd in Mg and large negative mixing enthalpy between Cu and Gd are responsible for the formation of unique precipitates in rapidly solidified Mg-Cu-Gd alloys.
Introduction
Since long period stacking (LPS) structure has been found in Mg 97 Zn 1 Y 2 alloys prepared by rapidly solidified and powder metallurgy processing (RS/PM) method by Kawamura and Inoue, 1) the LPS phase in Mg alloys attracts much attention because the LPS phase plays important roles to improve mechanical strength and ductility of Mg-based alloys. Besides the Mg 97 Zn 1 Y 2 alloy, the LPS phase has been observed in many Mg-TM-RE alloys, where TM is transition metals of Cu, 2) Ni and Co, 3) and RE is rare earth metals such as Y, Dy, Ho, Er, Gd, Tb and Tm. 4, 5) The LPS phase is found in Mg-TM-RE alloys prepared by usual casting as well as rapidly quenching methods. 6) Therefore, the LPS phase has been recognized as a stable phase of Mgrich Mg-TM-RE alloys. The structure of the LPS phase has been established as 18R-type by Luo et al., 7) in which stacking faults are introduced periodically in stacking of cplains of the hcp Mg lattice, and TM and RE are segregated at specific c-planes neighboring to stacking fault planes. 8) Because of limited solubility of transition (TM) and rare earth (RE) metals in Mg and large negative mixing enthalpy between TM and RE, it is likely to form precipitates enriched with TM and RE in Mg-rich Mg-TM-RE alloys during solidification from a molten state. A few kinds of strange precipitates, where TM and RE are enriched, with novel structures have been observed. An LAL precipitate in a melt-quenched Mg 98 Cu 1 Y 1 alloy, reported in our previous work, is one of the examples.
2) The LAL precipitate consists of an amorphous core sandwiched by LPS layers, i.e. LPSAmorphous-LPS structure. It is interesting to study microstructures of such precipitates and stability of locally segregated areas enriched with TM and RE in Mg-based Mg-TM-RE alloys. In this paper, amorphous particles embedded in hcp Mg crystal grains are reported in the melt-quenched Mg 98 Cu 1 Gd 1 alloys. Thermal stability of these amorphous particles and LAL precipitates is also studies by DSC measurements.
Experiments
Ribbon samples of an Mg 98 Cu 1 Gd 1 alloy were made by melt-quenching. A master alloy ingot was prepared by melting Mg, Cu and Gd by high frequency induction heating under an Ar gas in a carbon crucible. A single roll apparatus was applied for the melt-quenching using a Cu roll. Molten metal was injected to a rotating Cu roll with a surface velocity of 42 m/s in an Ar gas atmosphere, using a carbon nozzle. Quenching rates of ribbon samples were changed by adjusting injection gas pressure. For example, the thickness of ribbon samples is 21 mm for an injection gas pressure 0.05 MPa, while 42 mm for 0.2 MPa. In the present work, we adapted injection gas pressure 0.05 MPa and 0.2 MPa for high and low quenching rate, respectively. Hereafter we call HQ for samples prepared by 0.05 MPa injection gas pressure and LQ by 0.2 MPa. TEM observations were done by JEM 2000EX and HRTEM by JEM-4000EX. DSC measurements were done using Rigaku Thermoflex with a heating rate of 20 deg/min in an Ar gas atmosphere using alumina puns.
TEM and HRTEM observations
Figures 1(a) and (b) show TEM images of an as-quenched LQ Mg 98 Cu 1 Gd 1 alloys and annealed one at 533 K for 1:8 Â 10 3 s, respectively. In Fig. 1(a) , LAL precipitates are dispersed in the hcp Mg grains. A schematic image of the LAL precipitate is drawn in the inset. LPS phases develop from both sides of an amorphous core with interfaces parallel to the c-plane of hcp Mg matrix. Figure 1(b) indicates that amorphous cores in LAL precipitates transform into LPS precipitates by annealing. An exothermic peak of crystallization of the amorphous cores in the LAL precipitates was detected by DSC at around 450 K, as shown later. shows a HRTEM image of a dark particle in Fig. 2(a) . The HRTEM image clearly indicates that the dark particles in Fig. 2(a) have an amorphous structure. The lattice image of a surrounding area of the amorphous particle shows the cplane of the Mg hcp structure. It is a quite novel morphology, because usually we can observe nanocrystallites precipitated from an amorphous matrix but the opposite cases are fairly limited. 9, 10) It may be the first clear HRTEM picture showing amorphous spherical particles embedded in the crystalline. The composition of amorphous particles in Fig. 2 in Fig. 3(a) . The small exothermic peaks at around 450 K can be attributed to crystallization of amorphous cores in the LAL precipitates for the LQ Mg 98 Cu 1 Gd 1 alloy and crystallization of the amorphous particles for the HQ Mg 98 Cu 1 Gd 1 alloy. Endothermic peaks at around 710 K in Fig. 3(a) show small and sharp ones, while those at 915 K show large and broad ones. The former can be attributed to the local melting of LPS phases, while the later to the melting of the Mg matrix. The local melting of the LPS phase has been observed for some Mg-rich ternary alloys, e.g. Mg 97 Zn 1 Y 2 and Mg 98 Cu 1 Y 1 by DSC and TEM. Such a local melting of LPS in Mg-rich ternary alloys will be published elsewhere.
Discussion
In the present work we show strange morphologies such as LAL precipitates and amorphous particles embedded in Mg crystal grains of the melt-quenched Mg 98 Cu 1 Gd 1 alloys. Origins of the formation of these precipitates are closely related with those of LPS phases found in Mg-rich Mg-TM-RE ternary alloys. Therefore, we first discuss the reasons of the formation of LPS in Mg-TM-RE alloys.
So far, LPS phases in Mg alloys are found in ternary alloys of Mg-TM-RE, and TM and RE atoms have either fcc or hcp structures which are coherent with hcp Mg matrix. Solubility of TM and RE into Mg is limited, e.g. maximum solubility at the eutectic temperature is 0.013 at% for Cu, 3.4 at% Y and 4.53 at%Gd, 11) which results in the segregation of TM and RE atoms from the hcp Mg matrix. Strong affinity between TM and RE atoms, e.g. À22 kJ/mol for Cu-Y, 12) plays an important role to form LPS, which assists to gather TM and RE atoms in specific planes neighboring to stacking fault planes. Moreover, atomic size difference among three atoms, e.g. Mg(=0.16 nm), Gd(=0.18 nm) and Cu(=0.126 nm), favors to form a dense packing structure of a local area enriched with TM and RE atoms. Those facts described above may also fulfill the conditions to form LAL or amorphous precipitates in Mg grains. However, the difference is that LPS is a stable phase but LAL and amorphous particles are non-equilibrium ones. Therefore, kinetic conditions are also important factors to form such precipitates. During solidification from the melt, TM and RE atoms are ejected toward a liquid phase at a solidifying front due to the limited solubility of TM and RE solutes in Mg. If the concentration of the liquid enriched with ejected TM and RE atoms is close to the eutectic point of Mg-TM-RE ternary alloys, then super cooled liquid is stabilized and favors to form spherical droplets due to surface tension. For a high cooling rate, the segregated droplets solidify as amorphous phases, because the composition of the locally segregated area is close to that of Mg 65 Cu 25 Gd 10 , which is known as the most stable composition of a bulk metallic glass. For a moderate cooling rate, however, LPS develops from interfaces between amorphous particles and Mg matrix, and consequently LAL precipitates are formed. LAL transforms into a stable LPS phase by annealing at around 450 K, as shown in Fig. 1(b) . Mg 98 Cu 1 Gd 1 may be the composition to fulfill the above condition.
Conclusion
Quite strange morphologies have been found by TEM and HRTEM in melt-quenched Mg 98 Cu 1 Gd 1 alloys. Amorphous particles highly enriched by Cu and Gd are embedded in Mg grains for the melt-quenched Mg 98 Cu 1 Gd 1 alloys prepared with a high quenching rate. LAL precipitates are formed for the Mg 98 Cu 1 Gd 1 alloy with a low quenching rate. DSC results show that amorphous phase in both samples crystallize at 410 K. Limited solubility of Cu and Gd in Mg and strong affinity between Cu and Gd are responsible to the formation of such precipitates having strange morphologies.
